A robust adaptive tracking control scheme is proposed for the attitude model of the near space vehicles (NSVs) with input saturation, output constraint, unknown external disturbances and modeling uncertainties. Firstly, a second-order sliding model disturbance observer is adopted to estimate the compound disturbance including system uncertainties and external disturbances. Then, the constraints of the output are equivalent to that of the tracking errors which are transformed into unconstrained signals by selecting an appropriate transforming function. Moreover,an auxiliary system is designed to solve the input saturation problem, and the robust adaptive controller is developed for the transformed system by using the backstepping technology. Meanwhile, the boundness of the tracking errors and closed-loop system's internal signals is rigorously proved. Finally, the developed controller is applied to the attitude control of a NSV, and the simulation results are presented to validate the effectiveness of the proposed robust adaptive control scheme.
INTRODUCTION
Compared with the traditional aircraft's action zone, airspace at the height of about 20-100 km (Zhang, 2015) as the flight environment of NSVs, has its special physical characteristics, which result in huge changes of flights' characters such as in the envelop of the flight speed. These changes make the near space vehicle's motion and dynamics model become a complex nonlinear system, and the design of its control facing big challenges (Sun, 2013; Yang, 2010) . In recent years, many nonlinear control methods, such as sliding mode control, robust or adaptive control and predictive control (Pu 2011; Li, 2012; Cheng, 2010) , have been developed and used to control aircrafts.
Constrain phenomenon are extensively exist in the real world. As many other real physical systems, there are constraints in the amplitude and speed of NSVs' control surface deflection, thrust supply (Zhang, 2012) and motion states, which cause the input saturation and state constraint in NSV control models. In the NSV flight control, some states are contained in the output signal, which cause the output saturation. Then, from the view point of control design, the tracking control of NSVs with input and output saturation is becoming the focus in research. When the saturation in control is out of consideration, the control performance will be seriously affected (Wang, 2012) .
At present, some researches have been made on the input saturation problem of near space vehicle. The neural network is used to approximate the input saturation and then a hypersonic vehicle's longitudinal motion is controlled with an anti-saturation adaptive terminal sliding mode control scheme (Li, 2012) ; in the literature (Zhang, 2012) , for a near space vehicle attitude system with input saturation, an online optimal actuator allocation algorithm is proposed; in document , using a hyperbolic tangent function and a Nassbaum function, the input saturation problem of near space vehicle is solved; a parameter adaptive method is used to eliminate the influence on the performance of the controller input saturation in a research . These researches are mainly focused on the input saturation, so it is necessary to further study the problem of both input and output saturation. Using a Barrier Lyapunov function and an auxiliary system , a new type of direct adaptive fuzzy controller is designed (Li,2014) ; using system conversion technology, a class of multi input and output constraints and multi output adaptive neural network control method for uncertain nonlinear systems is proposed (Meng, 2015) ; for a class of nonlinear systems with input saturation and output constraints, this paper proposes a fuzzy Barrier function and adaptive output feedback controller based on computer aided design system. In general, there is no relevant literature in field of the near space vehicle control system design considering the existence of input and output saturation at the same time. In addition, due to the flight environment of the near space vehicle, it is inevitable to be affected by the external disturbance. In order to deal with the problem, a disturbance observer is introduced to estimate the unknown disturbance.
The observer technology, as an important means of output feedback control of linear systems, has been well developed. For nonlinear systems, the design method of the observer is not mature, and a variety of observers for nonlinear systems are emerging. Recently, as a special type of observers, a variety of disturbance observers (Chen 2000 Gao, 2008 are widely used to deal with the problem of external disturbance of the system. A novel nonlinear disturbance observer is designed for the manipulator system in the literature (Chen, 2000) . A novel fuzzy disturbance observer is proposed to deal with the unknown external disturbance (Gao, 2008) . A neural network observer is designed by combining the neural network with the disturbance observer in the literature (Chen, 2008) . A sliding mode disturbance observer is designed by combining with the sliding mode controller . Due to the advantages of sliding mode control, the sliding mode disturbance observer has good robustness, and however, because of the existence of the sign function, the chattering phenomenon exist (Hu, 2008; Eom, 2015) . In order avoid controller chattering, a two order integral sliding mode disturbance observer is designed in this paper.
In this paper, the input and output saturation of attitude control for near space vehicle is mainly studied, and at the same time the unknown external disturbance and uncertain problems are also studied. First of all, design a two order integral sliding mode disturbance observer to suppress interference; secondly, with the help of system conversion technology, the output constraints are transformed into unconstrained signals; thirdly, based on the design of auxiliary system, the input saturation is treated, and then design a robust adaptive controller. The boundness of the tracking error and system's internal signals is proved and the validity of the control algorithm is verified by simulation analysis.
PROBLEM DESCRIPTION
Near space vehicle attitude motion model can be expressed as the following form: 
where u maxi represents the known threshold of saturation of the system's i-th input.
In addition, in general, the output vectoryof the system also has the output constraint:
, 1, 2,3. The control objective is: aiming at the problem of unknown external disturbance and input -output limited of near space vehicle model, design a robust adaptive controller based on disturbance observer, which makes the system output yin the closed-loop system can quickly track the desired signal y d and all the internal signals all bounded.
In order to design the controller, we need some lemmas and hypothesis given as the following.
Lemma 1 (Wang 2014) : For any constantb0, variable , the following inequality is always correct:
where: =0.2785 is a constant.
Hypothesis 1: For the near space vehicle attitude model (2), the compound disturbanceD satisfies that,
Hypothesis 2: For the near space vehicle attitude model (2), the gain matrices G 1 and G 2 can be invertible, and there is an unknown normal number i that it satisfies G i  i ,i=1,2.
Hypothesis 3: For near space vehicle attitude system (2), u is bounded asu, where u=sat(u)-u, and is an unknown positive real number.
Hypothesis 4: For near space vehicle attitude system (2), the desired signaly d and its derivatives satisfyy
Note 1: Hypothesis 1 and 4 are general assumptions in the general tracking control problems. The characteristics of the near space vehicle make the value of the attitude angle should be in a certain range. Then, G 1 the matrix function of the attitude angle, will keep from noninvertible singular points, so that the Hypothesis 2 is reasonable. Hypothesis 3 indicates that the difference between the ideal control signal and the actual control signal keeps in a certain range, because if the difference is too large then the system is not actually controllable.
A disturbance observer design
In order to eliminate the influence of external disturbance, a two order integral sliding mode disturbance observer is designed to estimate the unknown external disturbance.
The disturbance observer is designed as follows (Hu 2008 ):
Definition of the interference estimation error =D-, it can be seen from the above formula
At the same time, the filter error is introduced.
Referring to the expressions (6) and (7), the derivative can be gotten as:
By the Hypothesis 1, it can be known, M and M are bounded as M 3 ,M 4 , 3 0,  4 0. So the formula (9) can be rewritten as:
The derivative of V s can be:
With knowns i sgn(s i )=s i , therefore, make integral on both sides of the equation, we can get: 
The formula (13) is rewritten as:
where: 
with in addition M 3 ,M 4 . Therefore, we choose
which makes the variable 0 1 less than or equal to zero. So we have,
According to formula (18), we can get
It is gotten that,sL  . In addition, from the formula (18), it can be
It is gotten that sL 2 . Therefore, by the definition (8), we have , L  , and then with the bounded M and expression (10), L  can be known. Thus, sL  , L  and sL 2 . It can be obtained that S0, using Barbalat's lamma. Therefore, s, 0 and the disturbance estimation error is  0.
ROBUST ADAPTIVE CONTROL WITH INPUT AND OUTPUT CONSTRAINTS
In order to deal with the saturation of input and output, the system conversion technology is introduced, and the design of an auxiliary system is designed. The robust adaptive controller design of the near space vehicle attitude is carried out by using the backstepping method.
System output constraint transformation
Because the system output is subject to certain constraints, in order to obtain a more ideal tracking performance, the original system output will be transformed into an output signal without constraints.
Firstly, the definition of tracking error ise(t)=y-y d . According to the formula (4), it can be known that the tracking error satisfies: 
The system output saturation problem is converted to the error constraint problem. In order to convert the constrained error signal into an unconstrained signal, an error transfer function is introduced (Meng, 2013) 
In addition, 
The function A(e, , ) is an invertible positive matrix. According to the system (2) and the definition of the error signal e(t), its derivation can be gotten as:
The expressions (24), (26) and (27) make it available to derivate the transformed signal: . Because of that the system output saturation boundary , , the tracking error eand the transformed signal are all known, the function B(e, , )can be obtained directly, which is used as a known quantity in the following controller design process.
With the above analysis, we can get the following new dynamic system after transform. 
Controller design
Based on the new transformed system (29), the design of the controller is combined with the disturbance observer and the auxiliary system. Because of the uncertain terms F 1 in the system, the neural network is introduced to approximate it. As a parametric linear neural network, RBF (radial basis function) neural network is widely used for unknown modeling uncertainties. Therefore, this paper uses RBF neural network to approximate the uncertain terms. Its best approximation form can be written as: 
, ) , (36), 1 is an approximation value ofW * 1 , and 1 is the estimate value of best approximation error * 1 , whose adaptive law is:
where  1 0.
Neural network parameter approximation error is defined as 1 ≜W 
The adaptive law of 1 is designed as:
where  1 0 is the design parameter. Using the Lemma 1, it is available that:
In addition: 
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where  1 0 is the design parameters. Therefore, according to the formulas (40)- (44) 
where
In addition, we have inequations as below.
Therefore, the formula (45) can be rewritten as: 
The second step: According to the system (29) and (30), the variable z 2 has the derivative as
Due to the presence of the compound interferenceD, the disturbance observer as the formula (6) is designed to approximate it. In the second section above, it is proved that the estimation error converges to zero in finite time, but in practice, the disturbance observer tracking error always exist. As a result, it is assumed that the estimated error is bounded as  Design a controller M c as follows: 
where,
Therefore, by the Lyapunov stability theory, it is known that the closed loop system signalz 1 ,z 2 , the estimation error * 1 ,  * 2 and the neural network parameter approximation error and the auxiliary system variables are all semi globally uniformly bounded. From formula (57), have inequations:
Therefore, according to the definition of the variables z 1 (31), it can be obtained that:
It shows that the norm of the transformed signal  is bounded. According to the property (25) and the strict increasing relationship between the system tracking error and the transformed signal, it is known that the boundness of the signal  can guarantee the constraint of tracking error performance (22). Therefore, according to the definition of tracking error e(t), the system outputysatisfies the constraint condition (4).
4.SIMULATION
In this simulation, the control design method is applied to the attitude tracking control of a near space vehicle, and the algorithm is shown effective. The parameters of each matrix in the attitude motion model of the near space vehicle (1) can be found in the literature [10] . Considering the uncertainty of the system, the uncertainty level of the air dynamics and the kinematic coefficient of the near space vehicle is set to be 30%. At the same time the external torque disturbance d 2 is given as follows: 
3sin( ) sin(0.5 )
In order to avoid the discontinuity of the desired signal d , a first order filter 8/(s+8)is used to smoothen the desired signal. As shown in the formula (4), the upper and lower bounds of the system output can be expressed as: 
Robust tracking controller is designed as the expression (49); the auxiliary system is designed as the expression (30); a disturbance observer is designed as the expression (6); a virtual control law is designed as the expression (23); and the adaptive law is designed as the expressions (37) and (50). The design parameters are set to be: 
The simulation results of the near space vehicle control system under the controller are shown in figure 1-4. As can be seen from Figure 1 , using the designed controller, the system output can quickly track the desired signal, and the steady-state error tends to zero. At the same time, it can be shown from Figure 2 that the angular velocity of the state of the system can keep stable during the tracking control. From Figure 3 , we can know that the tracking error of the system is kept in the constraint boundary. Therefore, the system output can be quickly tracked to the desired signal in the presence of constraints, as shown in Figure 3 . In the end, from Figure 4 , it is shown that the system can still maintain stability under the presence of input saturation using the designed controller. In summary, the simulation results show that the effectiveness of the proposed control method is confirmed, when dealing with systems with input saturation, output constraint, unknown external disturbances and modeling uncertainties, especially in the attitude tracking control system of the near space vehicles (NSVs).
Conclusion.
In this paper, the problem of tracking control for systems, especially the attitude control system of NSVs, with both input and output constraints is studied. When disturbances and errors in modeling are presented in the system, the problem will become much more difficult. Using the technologies of auxiliary systems, the system output transforming, disturbance observers and the RBF-NN approximation, that problem is well resolved. Validation results by simulation are given and described. Conclusions are given as below.
1) The design of the auxiliary system is effective to counteract the effects of input saturation;
2) The system's tracking error transforming method is effective to treat the problem of the output constraint;
3) The robust tracking controller designed in this paper is effective for systems with input saturation, output constraint, unknown external disturbances and modeling uncertainties. 
